INTRODUCTION
Gut microbes comprise more than 800 species that, as a whole, constitute the gut microbiota. 1 In the intestinal tract, the microbiota contribute to the digestion of food, the provision of essential nutrients and to preventing the invasion of pathogens, as it represents the most frequent site of infection. 1 2 To maintain this beneficial relationship, the mucosal immune system is likely to exert the means for tolerogenic regulation by inducing inhibitory molecules for immune signalling. On the other
Significance of this study
What is already known on this subject?
▸ The constant changes imposed on the intestinal tract require different dynamics from the immune system at this site. ▸ Signalling lymphocytic activation molecule (SLAM) receptors have an important role in the development of immune responses. ▸ SLAMF4 is expressed by a small fraction (<8%) of haematopoietic-derived cells in the periphery, and most of its functions have been examined on natural killer (NK) cells.
What are the new findings?
▸ SLAMF4 is expressed in the intestinal mucosa by conventional and natural T lymphocyte subsets, B cells and professional APCs (Mϕ and DCs), in addition to NK cells and innate lymphoid cell types. ▸ Gut bacterial products are efficient at increasing SLAMF4 expression on APCs but require the presence of gut-resident APC TNLG8A for SLAMF4 induction on lymphocytes. ▸ SLAMF4 contributes to the regulation of gut immunity by promoting the production of proinflammatory cytokines during enteric infection.
How might it impact on clinical practice in the foreseeable future?
▸ SLAMF4 is expressed by gut innate and adaptive immune cells involved in GI pathologies, and hence, this identification may expand the current list of targets that can facilitate the development of new intestinal mucosa-targeted therapeutics. ▸ Our finding further supports the importance of a balanced gut microflora biodiversity in host immune homeostasis and suggests that prescribing oral antibiotics to patients, particularly those who are immunocompromised, has to be carefully weighed. ▸ These findings suggest that phenotypical and functional analysis of SLAMF4 is warranted in human patients with immune-related intestinal diseases and may also lead to a better understanding of immune cell regulation mechanisms in human intestine.
hand, because the gut is exposed to the environment, the risk of infection with exogenous pathogenic microorganisms is constant. Therefore, the mucosal immune system is likely to remain guarded and poised to turn on a quick attack on invasive pathogens by inducing activating molecules for immune signalling. However, the signalling molecules by which the gut immune system generates these simultaneously activating and inhibitory pathways, to switch between homeostatic, often immunosuppressive and barrier-protective, function and potent active immunity are not fully understood. In this regard, the most commonly accepted view is that such a dual function may occur as a result of the interactions between host immune cells and the gut microbiota. 1 2 Natural killer cell receptors (NKR) are membrane proteins that provide specificity to NK cell responses in either an activating or inhibitory fashion. 3 There are two major families of NKRs: NKRs that share homology with C-type lectins and killer cell Ig-like receptors, which include the signalling lymphocyte activation molecule family member 4, termed SLAMF4 (also known as CD244 and 2B4). 3 4 The natural ligand for SLAMF4 is CD48, and in vitro engagement of SLAMF4 by CD48 induces cytotoxicity and cytokine secretion by human and mouse NK cells. 5 6 The slamf4 gene can be alternately spliced into two protein products, differing in their intracellular domains, with affinities for adaptor molecules that initiate or inhibit signalling. [7] [8] [9] [10] One splice variant has a shorter intracellular domain and is activating, while the variant with the longer intracellular domain was shown to be inhibitory. 7 8 Since there are two isoforms of SLAMF4 that differ in their signalling capacities, the relative amounts of these isoforms could dictate cell responsiveness to SLAMF4 ligation. 7 8 Under normal physiological conditions, SLAMF4 is expressed by murine and human NK cells, but it is absent from most naïve CD4 and CD8T cells, B lymphocytes and neutrophils. 7 11 12 However, other cell types such as mast cells, dendritic cells, skin γδ T cells, eosinophils and some activated CD8T cell subsets are SLAMF4+. 11 13-16 In humans and mice, CD8+ T cells expressing SLAMF4 are absent from cord blood, and expression of SLAMF4 can be induced on only a small fraction of CD8+ T cells after in vitro activation or in vivo antigen challenge. 10 17 Previously, we and others reported that in the steady-state condition, the vast majority (>95%) of conventional CD8+ T cells in the gut mucosa are SLAMF4+, 18 19 while their peripheral counterparts are SLAMF4−. 18 Because the intestine provides a unique environment for the development and function of immune cells, [20] [21] [22] [23] we sought to determine whether SLAMF4 expression in the gut mucosa extends to other immune cell populations, and if so, how it is acquired in the intestine and what its contribution to gut immunity is.
RESULTS

SLAMF4 is a marker for intestinal immune cells
In the murine intestine, over 60% of haematopoietic-derived (CD45+) cells express SLAMF4, while this expression in other organs was <5% (figure 1A and see online supplementary figure S1a, b). In addition, over 80% of gut CD45+ cells were also positive for CD48, the only known ligand for SLAMF4 7 8 (figure 1B). SLAMF4 was highly expressed in both the intraepithelial (IEL) compartment and lamina propria (LP) of the small intestine and colon, but this expression was generally more enhanced among haematopoietic-derived cells of the IEL (∼70%) compartment than among those of the LP (∼50%) (figure 1C,D, and see online supplementary figures S2 and S3).
In concordance with the murine data, SLAMF4 was found to be expressed at high levels in both human small intestine (n=10) and human colon (n=7) (figure 1E-G, and see online supplementary figure S4), suggesting that SLAMF4 can be used as a marker for intestinal immune cells in mice and humans.
The finding that SLAMF4 is induced on most intestinal CD45+ cells raised a key question: which cell types express SLAMF4? To answer this question, we first assessed the expression of SLAMF4 on gut NK cell types to serve as positive control. 7 As anticipated, we found that virtually all conventional (c) NK (NKp46 +RORγt − ) cells expressed SLAMF4 ( figure 2A) . Interestingly, while most NK-22 cells (NKp46+RORγt+) expressed SLAMF4, only a few LTi (NKp46−RORγt+) cells were positive for SLAMF4 expression ( figure 2A) . Thus, in conformity with the classification of SLAMF4 as an NK receptor, 3 7 most cNK cells express SLAMF4. However, this expression was divergent among gut innate lymphoid cell subsets.
Next, we examined the expression of SLAMF4 on T lymphocyte populations. Confirming our previous report, 18 the vast majority (>80%) of γδTCR+, CD8αα+ and CD8αβ+ intestinal T cells were SLAMF4+ (figure 2B,C). In addition, SLAMF4 was also significantly expressed by gut mucosal CD4+ T cells, and this expression was eightfold to tenfold higher than the expression of SLAMF4 on peripheral CD4+ lymphocytes ( figure 2D ). Because T cells and NK cells alone cannot account for the high percentage of CD45+ cells expressing SLAMF4 in the intestinal mucosa, we examined whether other cell populations express SLAMF4. B lymphocytes and plasmacytoid dendritic cells (pDCs) are crucial for defence against bacterial and viral pathogens, 24 25 and the gut is known to be a major reservoir in the body for these cell types. 25 Previous studies showed that peripheral B cells lack SLAMF4 expression. 11 12 Our phenotypic analysis of splenic B cells confirmed this observation ( figure 2E ). Strikingly, a significant portion of B cells in the gut mucosa expressed SLAMF4 ( figure 2E ). In addition, most intestinal pDCs were SLAMF4+ while their peripheral counterparts were SLAMF4− (figure 2E). Furthermore, over 60% of dendritic cells (DCs, CD11c+CD19−CD3−F4/80−) in the small intestine were SLAMF4+, and in the colon this expression was increased to >90% (figure 2F). Similarly, we found that some macrophages (Mϕ, F4/80+CD11b+CD3−CD19−) expressed SLAMF4 in lymphoid organs (∼10%), and this expression was approximately threefold higher on intestinal macrophages (figure 2F and data not shown).
Together, these data show that SLAMF4 is expressed by a multitude of T lymphocyte subsets in the gut mucosa, in addition to NK and NK22 cells. In the periphery, NK cells express SLAMF4, but CD4 and CD8T cell expression of SLAMF4 is restricted to the intestine. We also show that professional APCs (Mϕ and DCs) express higher levels of SLAMF4 in the gut mucosa when compared with those in the periphery, while SLAMF4 expression on B cells and pDCs is restricted to the intestinal mucosa. Therefore, while previous studies showed restricted SLAMF4 expression to a few cell types, the novelty of these findings is that SLAMF4 expression extends to most innate and adaptive immune cell populations of the intestinal mucosa.
Induction of SLAMF4 occurs directly in the intestinal mucosa
High expression of SLAMF4 among immune cells is a unique feature of the intestine (figures 1 and 2). Thus, we speculated that SLAMF4 might be induced on immune cells directly in the intestinal mucosa. To test this hypothesis, we generated bone marrow (BM) chimaeras using donor UBC-GFP transgenic (GFP tg ) mice and sublethally irradiated major histocompatibility complex (MHC)-matched C57BL/6 recipients. Of note, GFP tg mice express GFP under the ubiquitin C promoter, and all haematopoietic-derived cells are GFP+ 26 ( figure 3A) . We found that GFP+ cells derived from donor cells expressed SLAMF4 at high frequencies in the intestinal mucosa (∼70%), but not in other tissues (<5%) (figure 3B, C). In addition, the GFP− host cells, expected to survive in sublethally irradiated recipient animals, also expressed SLAMF4 only at high frequencies in the intestinal mucosa ( figure 3B, D) , suggesting that the induction of SLAMF4 on intestinal CD45+ cells occurs directly in the gut mucosa.
GFP+ cells migrating to the gut mucosa clearly become SLAMF4+ ( figure 3A-D) . However, it was unclear whether these cells were induced with SLAMF4 in the gut-associated lymphoid tissue (GALT) and mesenteric lymph nodes (MLN), and then migrated to the gut mucosa, or whether they were imprinted directly in the mucosa. To clarify this issue, we generated GFP tg BM chimaeras using sublethally irradiated MHC-matched C57BL/6 recipients lacking GALT and MLN, known as lymphotoxin-α (Ltα)-deficient mice. 27 Our data showed no significant difference in the percentage of SLAMF4-expressing CD45+ cells of Ltα ko mice when compared with their wild-type (WT) counterparts ( figure 3E, F) . Moreover, similar to GFP− host cells, GFP+ cells derived from GFP tg donor cells also expressed high levels of SLAMF4 in the intestinal mucosa of Ltα ko recipients ( figure 3G ). Together, these data show that SLAMF4 expression on intestinal CD45+ cells occurs directly in the gut mucosa, and that GALT and MLN are largely dispensable for this process.
Intestinal microflora drive SLAMF4 expression
The intestine houses the largest population of commensal microorganisms in the body. 1 2 We speculated that the difference noted in SLAMF4 expression between the gut mucosa and other organs might be related to the vast difference in numbers of commensal microbes available. Therefore, we compared the expression of SLAMF4 on CD45+ cells in the gut mucosa of conventionally (Cv) raised BALB/c mice to that of germ-free (GF) animals (figure 4A and 28 ). SLAMF4 expression on haematopoietic-derived cells of the Peyer's patches (PP), MLN and spleen (SPL) was not significantly different between GF and Cv animals (figure 4B, C). Strikingly, SLAMF4 expression was almost completely abolished on intestinal CD45+ cells of GF mice (figure 4B, C), except on a small fraction (∼20%) constituted mainly by natural CD8αα T cells that remain SLAMF4+ (see online supplementary figure S5A).
Next, we wanted to test whether SLAMF4 expression in the gut is plastic or developmental in nature. In the first set of experiments, we conventionalised GF mice to determine if SLAMF4 expression reappears in the gut mucosa. Our data revealed that recolonising the GF bowel with commensal microflora significantly increased SLAMF4 expression on intestinal CD45+ cells ( figure 4D ). However, the percentage of SLAMF4 + cells in conventionalised (Cvz) animals was still less than the percentage found in the gut of Cv animals. This is probably due to the fact that transferring faecal contents only partially replenishes GF mice with the total composition of the microflora, which is a known limitation of current procedures of gut microbiota transplantation.
In the second set of experiments, we tested whether altering the gut microflora of Cv mice through antibiotic (ATB) treatment could alter SLAMF4 expression in the gut mucosa (figure 4E-G, see online supplementary figures S5b and S6a). To this end, we treated Cv mice with a cocktail of four ATB (ampicillin, neomycin, metronidazole and vancomycin) for 4 weeks. 29 While this treatment resulted in the ablation of most bacteria (figure 4E), the remaining bacteria were over-represented by the Firmicutes (a group consisting of Staphylococcus and Clostridium species among others) 1 29 30 ( figure 4F ). Importantly, SLAMF4+ cells were significantly less frequent in the intestine of treated than untreated animals (figure 4G, see online supplementary figure S5b), suggesting that SLAMF4 expression can be altered by perturbation of normal microflora composition. In the third set of experiments, we sought to investigate whether haematopoietic cells, recently developed in the gut mucosa and induced with SLAMF4, can also lose SLAMF4 expression when the gut microflora composition is disturbed. To this end, we treated GFP tg BM chimaera mice with ATB as indicated above (figure 4H). Our data revealed a significant reduction in SLAMF4+CD45+ cells among both the GFP+ donor cells and GFP− host cells in ATB-treated versus control chimaera mice (figure 4I, J). Together, these findings show that SLAMF4 expression on intestinal CD45+ cells depends on the continued presence of the normal gut microflora.
Role of TNLG8A costimulation in SLAMF4 induction
Previously, we showed that SLAMF4 expression on conventional CD8αβ+ T cells in the intestinal mucosa can be significantly diminished by injecting a blocking TNLG8A antibody. 18 TNLG8A, the tumour necrosis factor ligand 8A, also known as CD70, is a costimulatory molecule that is constitutively expressed by gut-resident APCs. 31 32 Thus, we hypothesised that SLAMF4 induction on conventional CD8T lymphocytes and potentially other cell types may require gut bacterial antigens to be presented to them in the context of TNLG8A costimulation. To test this possibility, we generated a TNLG8A-deficient mouse line using ES clones from the KOMP repository (figure 5A). Since differences in intestinal microbiota composition contribute to phenotypical and functional differences in mice, 33 age-matched and sex-matched TNLG8A ko mice and WT littermates were cohoused to prevent potential intestinal microbiota changes. Overall analysis showed no significant difference in intestinal cell numbers between TNLG8A ko and WT littermates (figure 5B top). However, there was a significant decrease in SLAMF4 expression on intestinal cell populations of TNLG8A ko when compared with their WT counterparts (figure 5B bottom, C). Specifically, a lack of TNLG8A significantly reduced SLAMF4 expression on inducible CD8T cells (CD3+CD8β+TCRαβ+), CD4T cells (CD3+CD4+CD8α−TCRαβ+) and B cells (CD3-CD19+NKp46−), but had little or no effect on DC/Mϕ (MHCII+CD19−CD3−) and NK/NK22 cells (CD3−CD19 −NKp46+) ( figure 5D ). Still, the observed defect was only partial and did not fully recapitulate the phenotype observed in GF mice ( figure 5E, left) . Therefore, we tested whether disruption of the normal gut microbiota would have synergistic effects with TNLG8A gene deficiency. Following ATB treatment, the already decreased SLAMF4 expression in TNLG8A ko mice was further reduced to levels similar to those found in GF animals ( figure 5E ). With the exception of NK/NK22 cells and natural T lymphocytes (CD3+CD8β−CD4−), ATB treatment significantly reduced SLAMF4 expression on all other immune cell types ( figure 5D ). Collectively, data from figures 3-5 suggest that SLAMF4 expression is mostly dependent on gut microbial products that may require presentation in the context of TNLG8A costimulation in a way that does not require the GALT and MLN.
SLAMF4 imprinting on peripheral immune cells
Secreted products, such as antigens 34 and metabolites, 22 35 36 by gut commensal bacteria are key contributors to the modulation of the host immune system. Therefore, we hypothesised that secreted gut microbial products and gut-resident APC TNLG8A could be key contributors to the induction of SLAMF4 expression on intestinal immune cells. We reasoned that if this hypothesis is true, then provision of these factors would enable the transfer of the gut phenotype (SLAMF4 expression) to systemic immune cells ( figure 6A ). To this end, we used in vitro culture systems of CD45.1 B6 splenocytes incubated with gut bacterial supernatants in the presence or absence of gut-APC TNLG8A or control APC (splenic CD11c+ cells). Briefly, supernatants of gut aerobes and anaerobes or control broths were used to stimulate magnetically purified CD45.1 splenocyte types (CD3+, CD19+, NKp46+ and MHCII+CD19−). Because the majority of the gut microbiota is composed of a mixture of anaerobes which dominate the aerobes by several orders of magnitude of at least up to 100-fold, 37 we also tested the response to combined conditioned supernatants using a more physiological aerobe-to-anaerobe ratio of 1:100. Eighteen hours later, immune cell types were examined for SLAMF4 expression by flow cytometry. As anticipated, SLAMF4 expression on NK cells (NKp46 +) was affected neither by stimulation with bacterial supernatants nor by the presence of APCs ( figure 6B ). In addition, stimulation with control broths exerted no detrimental effects on the cell viability and had no effect on SLAMF4 induction (see online supplementary figure S7). Importantly, we found that supernatants of anaerobes were more potent at inducing SLAMF4 than aerobic supernatants, and this phenotype was somewhat enhanced when a physiological aerobe-to-anaerobe ratio of 1:100 was used (figure 6B). Notably, SLAMF4 expression was found to be significantly increased on APCs (DCs and MΦ; MHCII+CD19−) when compared with T (CD3+) and B (CD19 +) lymphocytes (figure 6B). However, provision of gut APC TNLG8A drastically enhanced SLAMF4 expression on lymphocyte subsets, particularly T cells, but had little or no effect on APCs ( figure 6B, C) . Together, these data suggest that gut bacterial products, particularly those derived from gut anaerobes, are efficient at increasing SLAMF4 expression on APCs but require the presence of gut APC TNLG8A for SLAMF4 induction on lymphocytes.
Lack of SLAMF4 renders mice more susceptible to enteric infections
There are two distinct SLAMF4 proteins which are generated by the long (L) and short (S) isoforms.
7-9 SLAMF4 S is reported to be an activating receptor 6 7 38 while SLAMF4 L is known to be inhibitory. 4 7 38 Due to the high levels of SLAMF4 expression in the gut, we were interested to know which isoform dominates in the intestine. To this end, we extracted RNA from magnetically purified intestinal CD45+ cells and performed QPCR for both splice variants. In the gut mucosa, approximately two-thirds of the expressed SLAMF4 transcripts are of the short isoform (figure 7A), suggesting that SLAMF4 expression in the intestine favours the activating splice variant of SLAMF4. Since most gut immune cells express SLAMF4 and two-thirds of the expressed transcripts are of the activating isoform, we investigated whether SLAMF4 has protective functions against enteric pathogens. To address this issue, we orally infected agematched and sex-matched groups of SLAMF4 ko and WT mice with Listeria monocytogenes (Lm). Overall data showed significant weight loss (figure 7B) and increased mortality (figure 7C) with higher bacterial burden (figure 7D) in SLAMF4 ko mice when compared with WT littermates. At the collective cellular level, immune susceptibility of SLAMF4 ko mice to Lm was associated with decreased production of proinflammatory cytokines such as interferon (IFN)-γ, tumour necrosis factor (TNF)-α, interleukin (IL)-6, IL-17 and IL-12 (figure 7E-G, and see online supplementary figure S8a). Notably, these outcomes resulted neither from significant changes in immune cell composition in SLAMF4 ko mice (see online supplementary figure S8b) nor from differences in intestinal microbiota composition since SLAMF4 ko animals were cohoused with WT littermates. Another critical consequence resulting from the lack of SLAMF4 expression is the drastic reduction of IL-22 expression ( figure 7G ). This cytokine plays a critical role in mucosal immune defence that is mainly produced by group 3 innate lymphoid cells termed ILC3. 39 In this regard, our analysis showed little or no difference in the number and percentage of cNK cells and ILC3 between SLAMF4 ko and WT mice (figure 8A-C), suggesting that decreased levels of IL-22 expression in SLAMF4 ko are not the result of reduced numbers of innate lymphoid cells in mice lacking SLAMF4. Accordingly, we also confirmed the reduction of IL-22 production by SLAMF4−/− ILC3 in vitro ( figure 8C ). Since IL-22 production by ILC3 cells depends on IL-23 production by gut CD103+ DCs, 40 we also assessed whether IL-23 expression is altered in Lm-infected SLAMF4 ko mice. Consistent with the alteration of IL-22 production, IL-23 expression was drastically reduced in SLAMF4 ko mice compared with WT littermates (figure 7G), and this phenotype was not the result of reduced numbers of CD103+DCs in mice lacking SLAMF4 (data not shown). Based on these findings, we hypothesised that lack of SLAMF4 may lead to impaired IL22/IL23-mediated intestinal immunity. To test this hypothesis, we used the infection model of Citrobacter rodentium, which, unlike Lm, 41 largely depends on IL22/ IL23-mediated immunity. 39 42 To this end, SLAMF4 ko and WT mice were orally infected with C. rodentium and monitored for survival. While WT mice maintained a healthy body weight in response to infection, SLAMF4 ko lost a considerable weight ( figure 8E) . Importantly, the failure of SLAMF4 ko to resist C. rodentium resulted in premature death, as indicated by 100% in response to 2×10 10 colony-forming unit (CFU) of the pathogen, while all WT animals efficiently resisted C. rodentium and survived this dose of infection (figure 8F).
DISCUSSION
Gut microbes are critical for inducing SLAMF4 on intestinal immune cells, and their continued presence is required for the maintenance of this expression. We came to this conclusion when we compared the expression of SLAMF4 on CD45+ cells in the gut mucosa of conventionally raised and GF mice. Interestingly, GF animals exhibit a drastic but not a complete decline in SLAMF4 expression among gut immune cells. Notably, CD8αα +CD8β−CD4− T lymphocytes remain SLAMF4+ in the intestinal mucosa of GF animals. These cells, often referred to as natural or unconventional IELs, are induced in the thymus with gut-homing molecules to migrate directly from the thymus to the gut epithelium. 43 Interestingly, thymic natural CD8αα, but not inducible CD8αβ, are SLAMF4+. 44 Therefore, it appears that the acquisition of gut-specific markers in the thymus is not limited to the induction of gut-homing receptors but extends to the induction of SLAMF4. Whether SLAMF4 plays a role in the thymic development of natural IELs and/or their post-thymic maturation and transition to the gut epithelium is completely unknown and requires further investigation.
Ablation of the gut microflora, either through GF husbandry or extensive antibiotic treatment is efficient at reducing SLAMF4 expression in the gut mucosa. These examples are extreme as it is impossible for any individual to be GF, and most individuals will never be subjected to such a stringent ATB regimen, while most will take a course of a single ATB at some point in their lives. In this context, our findings showed that even subtle gut microflora changes, such as those caused by antibiotic monotherapies and weight gain, can alter SLAMF4 expression (see online supplementary figure S6). From our standpoint, these findings point to an intriguing observation that the overall balance in the composition of the gut microbial community, and probably the presence or absence of cues from key species capable of affecting SLAMF4 expression, is important for ensuring optimal induction of SLAMF4 in immune cells or alteration thereof at the intestine. Cues from gut microbes are known to modulate the type of immune response, with major consequences for immune cell phenotype and function in the intestine 22 35 36 and at sites distant from the gut mucosa such as the brain 34 and joints. 45 These are striking examples of a transfer of information from the gut microbiota to the intestine and from the intestine to distant sites. It appears, however, that SLAMF4 induction in gut immune cells by the microbiota is a phenomenon that is confined to the intestine, and data suggested that this immune phenotype is not exported to distant organs. This is probably due to the fact that SLAMF4 expression requires cues from intestinal microbes (eg, more than one gut microbial component) as well as gut-resident APCs, and migrating cells from the intestinal mucosa to distant tissues may be unable to export this ensemble of signals to transfer the gut phenotype. Several features distinguish intestinal immune cells from their peripheral counterparts. For instance, systemic administration of soluble proteins without adjuvant induces differentiated T cells in the mucosa, but anergy in peripheral tissues. 20 In addition, while B cell maturation to immunoglobulin (Ig)-producing cells occurs in the germinal centres of lymphoid organs, gut mucosal B cells expressing AID (activation-induced cytidine deaminase required for IgA class-switch recombination) may mature to IgA-producing plasma cells in the LP outside the germinal ko versus WT mice. Data were obtained from two independent experiments using five (WT) to eight (SLAMF4 ko ) mice per animal group per experiment. Data are shown as means±SD. Error bars represent SD. A two-tailed Student's t-test distribution with paired groups was evaluated for statistical significance. Statistical significance was evaluated using a two-tailed Student's t-test (A-C) and Mann-Whitney test (E, F) distribution with paired groups. A value of p>0.05 was considered not significant (NS); *p<0.05, **p<0.005.
centres of the GALT. 21 Moreover, while macrophages provide a stimulatory environment in the periphery, these innate cells generally provide an inhibitory milieu in the gut mucosa. 22 Furthermore, despite the apparent suppressive gut environment, T lymphocyte responses to infections are more robust and more prolonged in the gut mucosa than in the periphery. 23 Given that SLAMF4 is expressed by gut lymphoid and myeloid cells, it will be important to understand the possible role of this gene in the maintenance of gut immune homeostasis. Many studies of SLAMF4 function in peripheral NK cells have characterised the receptor as being inhibitory. 4 In humans, SLAMF4 seems to have a role supportive of activation. 5 There is a paucity of reports detailing expression of SLAMF4 and its splice variants on other cell types. 11 13 14 17 Such studies found that the activating SLAMF4 splice variant is to be preferred by activated CD8+ T cells. 10 17 These results are similar to our findings showing that expression of the activating splice variant is favoured in the intestine. In this regard, the high-level expression of the activating splice variant in the gut mucosa could be a mechanism by which intestinal immune cells counterbalance the suppressive gut environment to fight oral pathogens. Indeed, our studies suggest that SLAMF4 licenses gut mucosal immune cells to mount inflammatory responses against enteric pathogens by promoting proinflammatory cytokines production. Since a bi-directional signalling can occur through SLAMF4 and CD48 17 46 47 and over 60% of gut immune cells are positive for both CD48 and SLAMF4, different scenarios of directional signalling may occur in the gut mucosa. For instance, SLAMF4 may (1) deliver signals to modulate the immune functions of neighbouring CD48+ intestinal cells, which as a whole constitute 86% of haematopoietic-derived cells of the gut mucosa, (2) receive signals from neighbouring CD48+ intestinal cells to stimulate SLAMF4+ immune cells or (3) simultaneously receive and deliver signals to modulate immune responses at an individual cell level and cell-type level, and at a cell community level to promote overall gut homoeostasis. Nevertheless, our understanding of the function of SLAMF4 is far more complex as other factors, in addition to the expression of splice variants, can determine whether the activating or inhibitory form can take a minor role. Such factors include the density and glycosylation changes of SLAMF4, 48 the phosphorylation of the intracellular domain 17 and the availability of signalling adaptors at the cell-type level. 6 8 9 17 Currently, the status of these factors in the intestine is completely unknown.
In summary, the discovery that gut symbiotic bacteria induce intestinal immune cells with the SLAMF4 receptor exemplifies host-microbe communication within the intestine and further supports the importance of a balanced gut microflora biodiversity in host immune functions. There are, however, gaps in our knowledge that require greater understanding of the mechanisms upstream SLAMF4 through which gut microbial products act. We also do not know the extent to which SLAMF4 is significant in the competence of individual gut immune lineages (eg, whether SLAMF4 expression in only certain gut immune cell types is important for intestinal immune defence) as well as the extent to which the observed splice variant bias is functionally significant in intestinal immune functions. Still, the identification of SLAMF4 on most gut innate and adaptive immune cells involved in GI pathologies is an important discovery as it may expand the current list of targets that can facilitate the development of new intestinal mucosa-targeted therapeutics. In addition, the identification of SLAMF4 on human gut immune cells suggests that phenotypical and functional analysis of SLAMF4 is warranted in human patients with immune-related intestinal diseases and may lead to a better understanding of immune cell regulation mechanisms in human gut.
METHODS Mice
C57BL/6 (B6), B6.CD45.1, BALB/c, UBC-GFP tg , Ltα ko and diet-induced obesity (DIO) mice were purchased from Jackson Laboratory. SLAMF4 ko mice were kindly provided to us by Dr Dorothy Yuan, UT Southwestern Medical Center at Dallas. The Rutgers Transgenic Core provided the service of the rederivation of this strain. Age-matched and sex-matched SLAMF4 ko and WT mice were cohoused to prevent potential intestinal microbiota changes. All mice were maintained in microisolator cages under specific pathogen-free conditions and used when they were 7-12 weeks of age. Germ-free BALB/c mice were purchased from the Medical University of South Carolina Gnotobiotic Animal Research Core Facility. All animals were housed in temperature-controlled, water-controlled and humidity-controlled cages that alternated between 12-hour light and dark cycles. All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Rutgers University and Michigan University.
Generation of TNLG8A-deficient mice
The experimental set-up is described in detail in the online supplementary methods.
Generation of GFP BM chimaera mice
Isolation of haematopoietic cells from mucosal tissues
Isolation of haematopoietic cells from human intestines
Isolation of haematopoietic cells from other tissues
We employed purification techniques described in Refs. [49] [50] [51] The experimental set-up is described in the online supplementary methods.
Flow cytometry
Clones of SLAMF4 antibodies, B6 Alloantigen (BD Biosciences) and eBio244F4 (eBioscience) for C57BL-6 mice, and C9.1 for BALB-c mice were used in this study. The experimental set-up is described in detail in the online supplementary methods.
Gating strategy
Leucocyte types were identified based on the methods of Faucher et al by using similar orientating and specific gates as previously described. 52 Details are described in the online supplementary methods.
Quantitative gene expression
QPCR reactions for the long and short splice variants of SLAMF4 were performed as described in Ref. 38 . QPCR reactions for cytokines and transcriptional factors were performed using primers described in online supplementary table S1. The experimental set-up is described in detail in the online supplementary methods.
Oral infection with Listeria monocytogenes and Cytobacter rodentium
Survival assays
Direct intracellular staining
We employed the in vivo approach described in Ref. 53 . The experimental set-up is described in detail in the online supplementary methods.
Antibiotic treatment
We employed the in vivo approach described in Ref. 29 . The experimental set-up is described in detail in the online supplementary methods.
Conventionalisation of germ-free mice with normal gut microflora
DNA isolation from mouse faecal material and QPCR
QPCR primers and conditions for Firmicutes, Bacteroidetes and all bacteria were described previously. 30 The experimental set-up is described in detail in the online supplementary methods.
Culture of gut bacteria
Microbial supernatants were prepared as previously described 54 using the oxygen scavenger OxyRase AnaSelect (OxyRase, Ohio) for anaerobic cultures. [55] [56] [57] The experimental set-up is described in detail in the online supplementary methods.
Isolation of APCs and stimulation of splenocytes
To purify gut-resident APC TNLG8A , we employed the approach described in Ref. 31 . Stimulation with gut bacterial supernatants was carried out as described in Ref. 54 . The experimental set-up is described in detail in the online supplementary methods.
In vitro stimulation of LP cells
STATISTICS
Software programs Microsoft Excel for PC and Prism for Mac (GraphPad, La Jolla, California, USA) were used to calculate the arithmetic mean, SEM and/or SD for each group of mice. Statistical significance was evaluated using a two-tailed Student's t-test or Mann-Whitney test distribution with paired groups of samples. A value of p<0.05 was considered significant.
STUDY APPROVAL
Animal handling and procedures were conducted according to animal protocols approved by the review committee at the Rutgers University and the facility used by the Child Health Institute to house mice as well as the review committee at the Michigan University. Testing of human intestinal samples was conducted according to IRB protocol approved by the review committee at Rutgers University and the Robert Wood Johnson Medical School. Written informed consent was excluded since the human samples were discarded after bowel surgery.
